In this study, sugarcane bagasse was pretreated by six ionic liquids (ILs) using a bagasse/IL ratio of 1:20 (wt%). The solubilization of bagasse in the ILs was followed by water precipitation. On using 1-ethyl-3-methylimidazolium acetate [Emim] [Ac] at 120°C for 120 min, 20.7% of the bagasse components remained dissolved and enzymatic saccharification experiments resulted on 80% glucose yield within 6 h, which evolved to over 90% within 24 h. Moreover, FE-SEM analysis of the precipitated material indicated a drastic lignin extraction and the exposure of nanoscopic cellulose microfibrils with widths of less than 100 nm. The specific surface area (SSA) of the pretreated bagasse (131.84 m 2 /g) was found to be 100 times that of untreated bagasse. The ability of [Emim] [Ac] to simultaneously increase the SSA and to decrease the biomass crystallinity is responsible for the improved bagasse enzymatic saccharification rates and yields obtained in this work.
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Introduction
Sulfuric acid-catalyzed hydrolysis has been widely employed in the past to break down lignocellulosic materials into monosaccharides. However, it causes the corrosion of equipments and produces byproducts that inhibit subsequent fermentation. In this context, enzymatic hydrolysis has attracted interest because it could overcome the demerits of acid-catalyzed hydrolysis (Galbe and Zacchi, 2007) . However, there are still some drawbacks such as a slow reaction rate and the limited enzymatic accessibility to polysaccharides. Pretreatment is a necessary step required to open up the cell wall structure of biomass, which would increase enzymatic accessibility during enzymatic hydrolysis (Jørgensen et al., 2007; Taherzadeh and Keikhosro, 2007) .
Over the past 30 years, several pretreatment methods have been developed, including biological, physical, physicochemical, and chemical processes (Mosier et al., 2005) . Even though intensive research activities on the development of an economically feasible pretreatment method have been undertaken, the research is still ongoing. Recently, ionic liquids (ILs) have generated considerable interest for application in biomass pretreatment because of their potential application as ''green solvents'' (Earle and Seddon, 2000) .
ILs are a new class of purely ionic, salt-like materials that remain in the liquid state at unusually low temperatures. Unlike traditional solvents, they exhibit interesting properties such as high thermal stability and nearly complete non-volatility; they can also be recycled in high yields by flash evaporation.
ILs have been reported to be capable of dissolving cellulose and lignocellulosic materials such as rice straw, wheat straw, and woody biomass (Li et al., 2009; Mäki-Arvela et al., 2010; Nguyen et al., 2010; Sun et al., 2009; Zhu et al., 2006) . Lee et al. (2009) have reported a set of ILs that can be used to selectively extract lignin from wood flour and have provided a new route for fractioning lignocellulosic biomass. The cellulose-rich parts can be precipitated with water, and lignin and other extractives can be removed through multiple washing and solvent evaporation. More importantly, the saccharification time can be reduced drastically and the yields of nearly 100% can be achieved after biomass pretreatment using ILs. Li et al. (2010) have reported that a 12-h saccharification time was sufficient for switchgrass to obtain more than 90% hydrolysis yield, whereas the use of dilute sulfuric acid for pretreatment required a 72 h saccharification time to reach an 80% yield. Although the feasibility of ILs for a large-scale application is debatable, the use of ILs brings about a noticeable increase in the enzymatic digestibility of biomass in comparison to other well-known pretreatment methods. Moreover, the use of ILs can provide a better In this study, six ILs were analyzed to determine their ability to enhance the enzymatic saccharification rate and yield of sugarcane bagasse. Reaction optimization was also carried out to obtain high saccharification yields. The correlation between the characteristics of the treated products, such as surface morphology change, specific surface area, and crystallinity index, and the corresponding saccharification data was discussed.
Methods

Source of materials and biomass chemical composition determination
The six ILs used were 1-butyl-3-methylimidazolium chloride
, and 1-ethyl-3-(hydroxymethyl) pyridine ethyl sulfate. All the ILs were purchased from commercial sources and used without any further purification.
Sugarcane bagasse was kindly supplied by the Usina Itarumã Sugar Mill (State of Goiás, Brazil). Samples were ground in a cutter mill and they were passed through a sieve with a mesh size of 2 mm. The chemical composition of the untreated bagasse was determined according to Teramoto et al. (2008) with some modification, as follows. A sample was vacuum-dried at 40°C for 24 h, then extracted in a Soxhlet extractor with an EtOH:toluene mixed solution (1:2 in volume) for 6 h, and weighed to calculate the extractives. Holocellulose content was determined as the NaClO 2 -delignified residue; a 0.5-g sample of the extracted sample was repeatedly (4 times) treated with 0.2 g of NaClO 2 in 30 mL of a 7.5% acetic acid solution at 80°C for 1 h. The delignified product, holocellulose, was filtrated, washed with distilled water several times, vacuum-dried at 40°C for 24 h, and weighed (Wise et al., 1946) . The a-cellulose content was determined as the amount of residue insoluble in a 17.5% NaOH aqueous solution as follows: 5 mL of 17.5% NaOH and a 0.2 g sample of holocellulose were homogenized in flask. After adding 5 mL of distilled water, the residue was filtrated. Five milliliters of 10% acetic acid solution was then added, filtrated again, and washed with distilled water several times. After vacuum-drying the sample at 40°C for 24 h, the a-cellulose residue was calculated. Acid hydrolysis for the determination of xylan and arabinan fractions was carried out as described in Silva et al. (2010) .
Klason lignin content was determined as the amount of residue insoluble in 72% sulfuric acid aqueous solution as follows: 72% sulfuric acid solution was added to a 0.2-g sample extracted with an EtOH:toluene solution. The mixture was stirred at room temperature for 4 h. Subsequently, 112 mL of distilled water was added and refluxed for 4 h. The product, thus obtained was filtrated, washed with distilled water, dried at 105°C for 24 h in vacuum, and weighed (Browning, 1967) . The obtained data are summarized in Table 1 .
Pretreatment and regeneration
Ionic liquid (4.0 g) was added to glass vials containing 200 mg of bagasse and stirred at 60-120°C for 120 min. After the reaction, 10 mL of distilled water at room temperature was poured into the glass vials under stirring to enable precipitation. A precipitate was immediately formed and recovered by filtration. The recovered biomass was washed with distilled water several times and kept in a wet state for the enzymatic hydrolysis to avoid a coaggregation and to maintain the surface morphology. The water content of regenerated bagasse was determined before the enzymatic saccharification. The amount of the water-soluble fraction was determined by measuring the weight loss after oven-drying the filtrated product in comparison to the starting weight. Pretreatment experiments were performed in duplicates. To determine the effect of pretreatment time (5-120 min), a large scale experiment was performed at 120°C, using 20 g of [Emim] [Ac] and 1 g of bagasse.
Enzymatic saccharification
Enzymatic saccharification was carried out at 45°C for 48 h using 2.5% IL-treated bagasse and an enzyme cocktail consisting of 15 FPU Acremonium cellulase per gram of substrate (Meiji Seika Co, Japan) and 
Quantification of monosaccharides
Quantification of monosaccharides was conducted using an high-performance liquid chromatography (HPLC) system equipped with a refraction index detector (RI-2031 Plus, Jasco Co., Japan), an Aminex HPX-87P column (7.8 mm I.D. Â 30 cm, Bio-Rad, USA), and a Carbo-P micro-guard cartridge (Bio-Rad, USA) at a flow rate of 1 mL/min at 80°C. Deionized water was used as the mobile phase.
Relative crystallinity, specific surface area, and morphology
A disk pellet (1-cm diameter, 0.8-mm thickness, and 0.1-g weight) prepared from a freeze-dried sample was used for wideangle X-ray diffraction (WAXD) measurements. Samples were prepared by freeze-drying, according to previous X-ray studies which reported that the original cellulose structure was better preserved when this drying procedure was used (Heyn, 1965) .Measurements were performed using a Rigaku RINT-TTR III diffractometer. Nickelfiltered Cu Ka radiation (k = 0.1542 nm) was used at 50 kV and 300 mA. The diffraction intensity was determined in the range of 2h = 2-60°at intervals of 0.02°at a rate of 2°/min.
For the specific surface area (SSA) measurement and morphology observation by FE-SEM, IL-treated samples were carefully washed with t-butyl alcohol several times in order to exchange the water content in the samples and then freeze-dried to maintain the biomass surface and morphology as close to the original as possible. The t-butyl alcohol washed and freeze-dried samples were initially degassed at 105°C for 6 h. The measurement was performed using BELSORP-Max (Bel Japan Inc., Japan) and the SSA value was obtained from the multipoint analysis of nitrogen gas adsorption-desorption isotherms at the liquid nitrogen tempera- , 1938) . The morphological characteristics of the surface of the untreated and IL-treated samples were observed by field emission scanning electron microscopy (FE-SEM, S-4800 Hitachi High Technologies Co., Tokyo, Japan). An accelerating voltage of 1.5 kV was used to avoid beam damages to the nanoscopic morphology of the surface. The samples were coated with a 1-nm-thick layer of osmium using an osmium plasma coater (NEOC-AN, Meiwa Fosis, Tokyo, Japan).
Results and discussion
In this work, six ILs were tested at 120°C for 120 min to screen the most appropriate IL for the pretreatment of sugarcane bagasse. Fig. 1 shows the time course for the enzymatic saccharification of regenerated bagasse and the cellulose and xylan conversion yields, calculated on the basis of the initial glucan and xylan content of untreated biomass as listed in Table 1 . Data for the control experiments performed using untreated bagasse are also presented in the figure.
The enzymatic hydrolysis of the IL-treated products resulted in higher glucose and xylose saccharification yields than when no treatment was employed. [Emim] [Ac] was found to be the most efficient IL resulting in glucose and xylose yields of 98.2% and 60.7%, respectively, after a 48-h saccharification time. There was small or no loss of the biomass cellulose component after bagasse [Emim] [Ac] treatment and regeneration, and the yield of glucose achieved was approximately equal to the theoretical maximum value. However, the yield of xylose was relatively lower, which could be due to the removal/degradation of xylan during the treatment. Lee et al. (2009) reported similar results of 26% removal of hemicellulose on [Emim] [Ac] treatment of wood flour. Other studies have also found [Emim] [Ac] to be effective for the enzymatic saccharification of rice straw (Nguyen et al., 2010) , switchgrass (Li et al., 2010) , and maple wood flour (Lee et al., 2009 ). Moreover, it was noticed that the saccharification rate increased drastically when this IL was used. The initial rates of enzymatic hydrolysis of [Emim] [Ac]-regenerated bagasse, calculated from the data obtained in the first 6 h of hydrolysis, was 35.5 mg/L/min, a value that is six times that for untreated bagasse (5.9 mg/L/min). However, the hydrolysis rates from 6 to 24 h for the untreated and [Emim] [Ac] regenerated bagasse decreased to 0.61 mg/L/min and 2.27 mg/L/min, respectively. Table 2 lists the amount of the water-soluble fraction, which was extracted from bagasse after the pretreatment time, for each IL. The studied ILs exhibited different extraction abilities; thus, the amount of extraction varied from 0.38% to 20.70%. [Emim] [Ac] was found to be the most efficient IL to extract bagasse components, resulting in a water-soluble fraction of 20.7%. It is noteworthy that the [Emim] [Ac]-treated biomass suspension exhibited a dark brown color, soon after the onset of the reaction, indicating the IL's excellent ability to extract lignin from bagasse.
According to the saccharification results, the second most effective IL was found to be [Mmim] [DMP], which resulted in glucose and xylose yields of 61.9% and 43.9%, respectively, although the water-soluble fraction extracted from bagasse corresponded to only 2.75%. These values of glucose and xylose yields are higher than the ones obtained for the [Bmim] [Cl] treatment (38.6% and 27.7%, respectively), which could extract a 4.17% water-soluble fraction from bagasse. These data collectively indicate that there is no direct correlation between the saccharification yield and the amount of the water-soluble fraction at low extraction level when comparing different ILs. In addition to the extraction abilities of the ILs, other factors affected the saccharification results. Some studies have reported that [Bmim] [Cl] is an effective IL for dissolving and facilitating the enzymatic digestion of cellulose (Ohno and Fukuya, 2009; Ha et al., 2011) . However, its action on bagasse did not lead to a high saccharification yield under the reaction conditions used in this study. Kilpeläinen et al. (2007) reported similar results, showing that wood flour could be highly soluble in [Cl] À containing ILs, and that the enzymatic saccharification yield was low. Based on the best overall performance of ILs, [Emim] [Ac] was selected for the remainder of this study in which the reaction conditions were optimized and the resulting materials were characterized, as described below.
First, reactions were performed in a temperature range of 60-120°C for 120 min. The resulting saccharification yields and water-soluble fractions are summarized in Table 3 . A continuous increase in the amount of extracted water-soluble fraction was observed as the temperature increased, reaching an extraction amount of 20.7% of the original bagasse weight at 120°C. Glucose saccharification yields also followed the same pattern, reaching 98.2% at 120°C. On increasing the temperature from 60 to 120°C, the percentage of the original bagasse extracted increased 10-fold and the glucose yield increased 2-fold. The xylose yield increased till temperatures of up to 100°C, reaching 68.1%, whereas it decreased with further temperature increase to 120°C, indicating the possibility of hemicellulose degradation in low-molecular-weight compounds that are able to remain in the water Cellulose-to-glucose and xylan-to-xylose conversions were calculated based on the original biomass weight used for the pretreatment. Difference between replicates was less than 5% in all cases.
phase. As explained earlier, less xylan would be available on the regenerated product.
Second, the effect of pretreatment time from 5 to 120 min at 120°C was investigated. The obtained results are summarized in Table 4 . Experiments were carried out using 20 g of [Emim] [Ac] and 1 g of bagasse to ensure that enough material would be available to perform its characterization by carrying out surface area and crystallinity analyses. An increase in the treatment time resulted in a parallel increase in the water-soluble fraction, from 3.5% to 20.7%. As discussed earlier, this fraction would consist mostly of lignin and a small amount of hemicellulose. It is well known that [Emim] [Ac] is preferable to extract lignin from woody biomass (Lee et al., 2009; Sun et al., 2009 ). This extraction can generate porous structures in the cell wall and make the cellulose fibrils to swell easily, followed by complete cellulose dissolution. During precipitation of the dissolved product, a material with rich-cellulose content can be recovered as a consequence of the loss of water-soluble lignin and hemicellulose. This drastic increase in the water-soluble fraction and the formation of a lignin-deficient regenerated product resulted in an increase in the SSA as listed in Table 4 . The yield of glucose reached to more than 90% in only 15 min and then gradually increased to reach 99.8% in 120 min. The xylose yield was found to reach 69.2% in 5 min and increased to the maximum value in 30 min, and decreased thereafter (Table 4 ). The decrease in the xylose yield is due to the excess degradation/removal of xylan after 30 min. Based on these results, it can be said that a short treatment time of less than 30 min at 120°C is enough to obtain more than 95% and 76% of glucose and xylose yield, respectively, regardless of a further increase in the water-soluble fraction and SSA values after the specified treatment time. It is also reported that [Emim] [Ac] treatment can be used to effectively disrupt the plant cell wall by breaking down the inter-and intramolecular hydrogen bonding between the cellulose fibrils (Singh et al., 2009) . In this work, the relative crystallinity degree was also altered with the increase in the pretreatment time. Supplementary Fig. 1 shows the X-ray diffraction (XRD) profiles of the untreated and [Emim] [Ac]-treated products. The crystallinity of the untreated bagasse decreased on [Emim] [Ac] treatment, showing that a typical peak at a 2h value of 15.8 had disappeared for the [Emim] [Ac]-treated product. Furthermore, with an increase in the treatment time, the crystalline peak of the 002 crystalline plane of cellulose was found to weaken; this trend is representative of the profile for nearly amorphous cellulose. The same result was obtained in a study in which [Emim] [Ac]-treated switchgrass was used (Singh et al. 2009 ). Highly crystalline cellulose has a strong interchain hydrogen-bonding network leading to a high resistance to enzymatic hydrolysis, whereas amorphous cellulose is readily digestible (Nishiyama et al., 2002) . The combined effects of the increase in the SSA of the regenerated product and the crystallinity decrease will play an important role in improving saccharification yield. Silva et al. (2010) have reported that glucose yields obtained after saccharification of ball-milled sugarcane bagasse were 78.7%, which was correlated to the reduction in the degree of the cellulose crystallinity. In this work, the glucose yields obtained were approximately equal to the theoretical maximum, indicating that this result could be reached achieved owing to the ability of [Emim] [Ac] to simultaneously increase the SSA and decrease the biomass crystallinity.
The morphology change at the nanoscopic scale caused by [Emim] [Ac] treatment was investigated by the FE-SEM observation. Supplementary Fig. 2 shows the surface morphology of the untreated bagasse and the regenerated product after [Emim] [Ac] treatment. The untreated bagasse had a smooth surface, whereas the [Emim] [Ac]-treated product exhibited a nanoscopic fibrous morphology consisting of less than 100 nm width. No hierarchical ordered structures were observed in the [Emim] [Ac]-treated product surface; in addition, no evidence of micron-scale lignin accumulation was observed on the fibrous surface. The significant extraction of lignin resulted in the material showing a fine fibrous morphology formation after water regeneration, indicating an increase in the surface area. Singh et al. (2009) confirmed the rejection of lignin into the water fraction for [Emim] [Ac]-treated switchgrass based on attenuated total reflectance infrared (ATR-IR) spectroscopy data. They also found that intramolecular hydrogen bonding of cellulose decreased. This fine fibrous morphological feature can result in a significant increase in the surface area. The ability of [Emim] [Ac] to simultaneously increase the SSA and decrease the biomass crystallinity can be attributed to the increased enzymatic accessibility of cellulose. This ability of [Emim] [Ac] facilitates the mass transport of enzymes to the cellulose surface, resulting in improved bagasse enzymatic saccharification rates and yields. 
Conclusion
[Emim] [Ac] was selected amongst six ILs as it significantly enhanced bagasse enzymatic saccharification rate and yield. An increase in the removal of the water-soluble fraction and surface area and a decrease in crystallinity were observed in response to an increase in temperature and treatment time. The morphological observation showed that the treated material had a fine fibrous nanoscopic feature. The combination of the aforementioned factors resulted in a significant improvement in the saccharification yields. The short pretreatment time coupled with high cellulose conversion yields and rates can be considered a major advancement in the area of bagasse pretreatment procedures.
